Most of transition metal oxide-graphite composites (5:95, w/w) were prepared via thermal decomposition of nitrate at high temperatures. Metal nitrate was dissolved in the ethanol-water solution (1:1, v/v), and then graphite (KS6) was added and dried under vigorous stirring at 100 °C. For TiO 2 , V 2 O 3 and MoO 2 , the precursors were titanium methoxide (Ti(OCH 3 ) 4 ), ammonium metavanadate (NH 4 VO 3 ) and molybdic acid (MoO 3 ·H 2 O), respectively. To fully dissolve MoO 3 ·H 2 O, ammonium hydroxide solution was gradually added until the solution changed from muddy to clear. The as-prepared powders were collected and finally decomposed at 600 °C for 2 h under Ar atmosphere. The applied low decomposition temperature prevents the carbothermal reaction (usually above 800 °C) between transition metal oxide and graphite. However, at 600 °C only anatase-TiO 2 was obtained and the high-temperature stable rutileTiO 2 was achieved by heating Ti(OCH 3 ) 4 /graphite composite to 900 °C for 1 h. The impregnation of RuO 2 was via co-precipitation method. Ruthenium chloride (RuCl 3 ·H 2 O) was firstly dissolved in water and stirred for 0.5 h. Then graphite was added into the solution and stirred for 0.5 h at room temperature. Subsequently, sodium hydroxide solution (1.0 M) was slowly added to adjust the pH value to 7. The suspension was continuously stirred for 1 h for aging, then filtered and washed with deionized water several times to remove sodium chloride residual, and finally heated at 150 °C for 15 h.
Supplementary
: Correlation between initial coulombic efficiency (ICE) and sulfur loading density (SLD) of Li-S cells cycled in 80 µL LiNO 3 -free electrolyte. If SLD < 0.8 mg cm -2 , ICE decreased almost linearly with the increase of SLD; whereas for SLD > 1.1 mg cm -2 , the increase of SLD led to slightly higher ICE. Interestingly, with 0.8 < SLD < 1.1 mg cm -2 ICE falls in the range of 62±5%. This buffer-like behavior allows for the adoption of SLD ~ 0.9±0.1 mg cm -2 at which ICE is inert to minor deviation of SLD, facilitating study on additional factors that affect ICE. A Li-S cell with 80 μL electrolyte gave an extremely long charge voltage plateau at 2.35 V with an ICE of only 66.4%, indicating severe redox shuttle effect. In contrast, with a reduced volume of electrolyte (e.g. 10 μL) a similar cell exhibited significantly improved cycling performance with ICE as high as 99.1%, showing effective suppression of redox shuttles. The higher ICE at smaller volume of electrolyte was likely due to the increased viscosity at higher LiPSs concentration in electrolyte that slowed down the diffusion of LiPSs from cathode to anode. With a sulfur loading density of 0.9 mg cm -2 , bare graphite can only deliver an ICE of 65% ( Figure S1 ).
Among the studied transition metal oxides in period 4, the introduction of V 2 O 3 , MnO and Fe 3 O 4 induces to a lower ICE value, whereas TiO 2 (both phases) and ZnO clearly have a positive effect, with an ICE value of above 85%. The influence of anatase TiO 2 on CE is also approved by Amine et al. All the studied rare earth oxides can deliver a higher ICE than bare graphite (65%), but are not superior to RuO 2 . The introduction of RuO 2 leads to the highest ICE (92.5%) among all 18 transition metal oxides. 
